The degradation of mechanical properties in halloysite nanoclay-polyester nanocomposites was studied after an exposure of 24 h in diluted methanol system by clamping test specimens across steel templates. The glass transition temperature (T g ) and storage modulus increased steadily with the increase of halloysite nanoclays before and after diluted methanol exposure. The addition of nano-fillers was found to reduce liquid uptake by 0.6% in case of 1 wt% reinforcement compared to monolithic polyester. The mechanical properties of polyester-based nanocomposites were found to decrease as a result of diluted methanol absorption. After diluted methanol exposure, the maximum microhardness, tensile, flexural and impact toughness values were observed at 1 wt% of halloysite nanoclay. The microhardness increased from 203 to 294 HV (45% increase). The Young's modulus increased from 0.49 to 0.83 GPa (70% increase) and the tensile strength increased from 23 to 27 MPa (17.4% increase). The impact toughness increased from 0.19 to 0.54 kJ/m 2 in diluted methanol system (184% increase). Surprisingly, the fracture toughness of all types of nanocomposites was found to increase after exposing to diluted methanol due to plasticization effect. Scanning electron microscope images of the fractured surfaces of tensile specimens revealed that the methanol increased the ductility of the matrix and reduced the mechanical properties of the nanocomposites.
Introduction
The incorporation of halloysite nanoclay with tube-like morphology to resist degradation of mechanical properties of polymer nanocomposites, when exposed to diluted methanol is a novel area of research. 1 Albeit the clay-based particles have been widely used to improve mechanical properties of polymers, 2,3 the influence of halloysite nanoclay-based materials on the mechanical properties of polymer nanocomposites after exposure to liquid media was always overlooked. [4] [5] [6] [7] [8] Alamri and Low 9 studied the effect of water on the mechanical properties of halloysite nanoclay-reinforced epoxy. They observed that the incorporation of halloysite nanoclay was able to reduce water absorption and improve mechanical properties of the nanocomposites after water immersion. Based on this observation, more severe environments were produced to examine the resistance of halloysite nanoclay against more severe conditions. Some organic solvents, such as methanol, or a mixture of organic solvents may be considered as severe environments.
Methanol is a desirable choice as a transportation fuel due to its efficient combustion, ease of availability and distribution. 10 Organic solvents, such as methanol, can significantly reduce the mechanical properties of polymers. [11] [12] [13] [14] [15] [16] For instance, Alimi et al. 17 reported that tensile modulus of high-density polyethylene decreased up to 64% when exposed to methanol. Arnold revealed the effects of diffusion on crack initiation in poly(methyl methacrylate) and reported that the methanol had the highest diffusion rate and greatest degree of swelling compared to other solvents. 18 Polyester resins are one of the most commonly used thermosetting polymers because of their low cost and versatility. 19, 20 These properties make them a potential candidate as a polymer matrix to produce composites for various applications. Most of the dinghies, yachts and workboats 21 are built using composites based on various polyester resins. Polyesters are also used in coatings, construction, transportation, storage tanks and piping. 22 These applications expose polyesters to liquid media resulting in degradation of T g , strength and modulus. 23 In addition, when used as a polymer matrix, the degree of crosslinking of polyester resins is a crucial factor to achieve desired mechanical properties, especially in the presence of nano-fillers as they can significantly influence the degree of crosslinking. In recent years, there has been an increasing interest for the incorporation of nano-fillers in polyester resins. Nano-fillers exhibit and impart a suit of remarkable properties 24 to polyester resins, as compared to other conventional micro or macro-sized fillers. 25 To improve the mechanical properties of polyester nanocomposites, layered materials of natural origin, such as clay-based compounds, have been widely used for decades. 26 Claypolyester nanocomposites offer excellent improvement in a wide range of physical and engineering properties with low filler content. [27] [28] [29] [30] [31] [32] The major development in this field has been carried out over the last one and half decades. [33] [34] [35] Among the great variety of clays, the use of halloysite nanoclay is an interesting option not only because of the environmental and economic factors but also the mechanical and chemical resistance that make it very useful as reinforcement for polymeric materials. 36 Nanoclays are nanoparticles of layered mineral silicates. Depending on chemical composition and nanoparticle morphology, nanoclay can be organized into several classes such as montmorillonite, bentonite, kaolinite, hectorite and halloysite. 37, 38 In general, the additions of nanoclay can improve the tensile strength of the cured polyester resin as evident for other montmorillonite and bentonitebased clays. 29, 39 Halloysite nanoclay on the other hand is a 1:1 aluminosilicate [Al 2 Si 2 O 5 (OH) 4 ] clay mineral and has a tube-like morphology and strong hydrogen interactions with low electrical and thermal conductivities. Halloysite nanoclays are nontoxic in nature and have wide range of applications in anticancer therapy, sustained delivery for certain agents and environment protection. 40 A considerable amount of literature has been published on the improvement in mechanical properties of polymer nanocomposites, especially reinforced with montmorillonite and bentonite. 2, 5, [41] [42] [43] However, to the best of authors' knowledge, there has been limited discussion on the mechanical properties of halloysite nanoclay-polyester nanocomposites in liquid media condition. According to Joussein et al., 44 the dominant morphology of halloysite is tubular. The tubules can be long and thin or short and stubby commonly derived from crystalline minerals such as feldspars and micas. 45 Wilson et al. 46 reported that this unique material has been used to produce bone china, fine china and porcelain products.
In certain applications of polymer nanocomposites, the contact with liquid environment is inevitable that can lead to failure. 47 The failure is caused by the swelling and degradation of the polymer matrix as it interacts with the penetrating liquid environment. However, the degree of swelling and degradation can be reduced by using nano-fillers such as nanoclay. Alamri and Low 9 were able to reduce the water absorption and increase the mechanical properties of epoxy through uniformly dispersed clay.
Many researchers reported that the ideal clay reinforcement is below 1 wt% as dispersing higher weight fraction is difficult and agglomerated clay increases the liquid absorption and deteriorates the mechanical properties as the agglomerates act as stress concentration sites. 6, 32 In addition to that, Robeson 15 also reported in his review that clay can improve gas and barrier properties. The environment, to which the composites are exposed, can drastically limit their performance. For instance, the presence of humidity is pointed out as one of the main causes of the failure of polymeric composites as the polymeric matrices can be largely affected by the presence of liquid media. 48 Therefore, the knowledge of the limitations of the polymeric matrices and ageing mechanisms in the presence of various liquid media is significant to guarantee successful composites application. For example, water diffusion is well known to limit the use of fiber-reinforced polymer composites. 49 The existing information is inadequate especially about the influence of nano-fillers on the mechanical properties of polymers when exposed to severe liquid media. Hojo et al. 50 in their research confirmed that methanol can cause physical degradation of polyester resin. In this research, the effect of liquid media, comprising of diluted methanol, on the mechanical properties of halloysite nanoclay-polyester nanocomposites has been studied. This research emphasizes on the application of polyester where contact with methanol and water is possible, such as in automotive applications, which may lead to the degradation of the resin. 50 The influence of different weight fractions of halloysite nanoclay on the barrier properties of the nanocomposites has been investigated in terms of weight gain stemming from the liquid absorption.
The halloysite nanoclay-polyester nanocomposites were evaluated through dynamic mechanical analysis, microhardness, tensile, flexural, fracture toughness and impact properties. Scanning electron microscope (SEM) has been used to investigate the morphology, microstructure and failure modes of the produced nanocomposites.
Experimental section

Materials
Halloysite nanoclay was used as reinforcement and purchased from Sigma Aldrich. The diameter is between 30 and 70 nm with length 1-4 mm and has a tube-like morphology as shown in Figure 1 . The density of halloysite nanoclay is 2.53 g/cm 3 and surface area is 64 m 2 /g. It has low electrical and thermal conductivities and strong hydrogen interactions, on account of which the inner hydroxyl groups show greater stability than the surface hydroxyl groups in halloysite. The tube-like morphology, high aspect ratio and low percolation make halloysite nanoclay a potential reinforcement for polyester and other polymers. The polyester resin of the NORSODYNE O 12335 AL was purchased from East Coast Fibreglass, UK. The resin has density of 1.2 g/cm 3 . The catalyst (hardener) was methyl ethyl ketone peroxide solution in dimethyl phthalate and purchased from East Coast Fibreglass, UK. The methanol (C.A.S number 67-56-1) of purity 99.9% (0.1% water) was purchased from Fisher Scientific, UK. To produce monolithic polyester samples, the resin (Norsodyne O 12335 Al) was mixed with catalyst (Butanox M-50) in a polyester: catalyst ratio of 98:2. Following thorough hand mixing for 10 min, vacuum degassing was carried out for 10 min. The mixture was poured into moulds and cured at room temperature for 24 h followed by post curing at 60 C for 2 h according to a process described by Bonnia. 51 Five different fractions of halloysite nanoclay (0, 0.1, 0.3, 0.7 and 1.0 wt%) were used to reinforce the polyester. A mixture of methanol and water (2:1) was used as liquid media. In many studies, methanol was found to diffuse quickly into polymers leading to plasticization on the surface and decrease the modulus of elasticity.
52,53
Characterisation Dynamic Mechanical Analyzer (DMA 8000, PerkinElmer) was used to determine dynamic storage modulus (E 0 ) and loss modulus (E 00 ) of the samples. The loss factor tand was calculated as the ratio (E 00 /E 0 ). The glass transition temperature (T g ) was taken as the temperature value at the peak of tand curves. Rectangular test specimens of dimensions 20 Â 6 Â 3 mm (Figure 2 were used with a single cantilever clamp. All tests were carried out by temperature sweep method (temperature ramp from 30 C to 130 C at 5 C min
À1
) at a constant frequency of 1 Hz. The temperature applied was within the range used by Jawahar and Balasubramanian 54 and Inceogul and Yilmazer 55 The maximum force of DMA was 10 N and applied during all DMA tests. SEM analysis using a FEI Quanta 200 was carried out of the fractured surfaces of tensile specimens to evaluate the fracture modes in the samples. The fractured portions were cut from the specimens and a layer of gold was applied using Emscope sputter coater model SC500A.
To measure the extent of liquid media absorption, rectangular specimens with dimensions 80 Â 10 Â 4 mm were clamped on 1-m steel template and immersed into the diluted methanol at room temperature. The weight was measured after 24 h immersion using 0.01 mg accurate weighing balance. Before weighing a specimen, any retained liquid was removed from its surface with an absorbent paper. The samples were kept at room temperature for 24 h and increase in weight was measured with respect to initial weight (before immersion) and final weight (after immersion and cleaning of the samples). The diluted methanol content in the sample was measured as wt% increase in the samples. Equation (1) was used to calculate the liquid absorption in the specimens where W t is the weight of specimen at time t (i.e. after immersion in the liquid) and W o is the initial weight of the sample, i.e. before placing in diluted methanol mixture. The effect of liquid absorption on the mechanical properties of halloysite nanoclay-polyester nanocomposites was investigated after placing the specimens in diluted methanol for 24 h at room temperature and compared with the same nanocomposites in dry conditions (without immersion in any liquid).
Vickers microhardness test was performed using the Buehler Micromet II for the monolithic polyester and its nanocomposites in air and after methanol exposure. The load applied was 200 g for 10 s and measurements were made according to standard ISO 178. Tensile, three-point bending and fracture toughness tests were performed using Instron Universal Testing Machine (Model 3382). Five specimens were tested for each composition and the displacement rate used was 1 mm/min. Tensile properties were carried out according to ISO 527 (Figure 2(b) ) with specimen thickness of 3 mm. Three-point bending test was performed according to ISO 178 with dimensions 80 Â 10 Â 4 mm (Figure 2 (c) ). A single edge notch three-point bending was used to investigate mode-I fracture toughness K 1C according to ASTM D5045. The dimensions were 3 Â 6 Â 36 mm with crack length 3 mm (Figure 2 (d) ). The notch was made at the mid of sample and tapped to sharpen by a razor blade. The K 1C was determined from the equation (2) 57,58
where P max is maximum load of displacement curve (N), f (a/w) is constant related to the geometry of the sample and was calculated using equation (3), B is thickness of the sample, W is width (mm) and a is crack length (between 0.45 and 0.55 W). Charpy impact tests were carried out according to ISO 179/1fU (edgewise). Rectangular specimens of dimensions 80 Â 10 Â 4 mm were used. The impact toughness was calculated using equation (4) 58
where m is mass of hammer (kg), g is standard gravity (9.8 m/s 2 ), h is length of hammer arm (m), is hammer swing up angle of fractured sample (rad), is hammer lifting up angle (rad), w is sample width (mm) and t is sample thickness (mm).
Results and discussion
The incorporation of halloysite nanoclay can produce two different results on the glass transition temperature of polymers. First possibility is a T g decrease associated with the reduced entanglements and interactions among polymer chains and halloysite nanoclay thereby enhancing the motion of polymer chains. 59 Another possibility is the T g increase caused by the restriction of the segmental motion of the polymers chain located near the halloysite nanoclay surface. 60 In this research, the addition of halloysite nanoclay increased the T g as shown in Figure 3 . Maximum increment was observed in case of 1 wt% reinforcement, where the T g remarkably increased from 79.7 C to 85.2 C. After liquid media exposure, the T g values slightly decreased in all cases. Monolithic polyester recorded the lowest T g with 77.1 C. The highest T g of nanocomposites exposed to diluted methanol was obtained in case of 1 wt% reinforcement with an average of 84.2 C. In addition, the tand curves were also found shifted to the left after exposure to liquid media as evidenced from Figure 4 (b). This can be attributed to the reduction in T g due to the plasticization effect. The plasticization is caused by the presence of organic modifiers within organoclay as also reported by Ellis and Karasz. 61 Polyesters-based materials are also vulnerable to hydrolysis when exposed to moisture. This slowly reduces the strength and stiffness of the composites. 62 The storage moduli of the nanocomposites in air and after methanol exposure are shown in Figure 5 (a) and (b), respectively. The storage moduli increased with increasing clay loading as is normally observed in other polymer-clay system. 35, 63 A shift in storage moduli can be observed in all cases of reinforcement which can be attributed to the stiff nature of the clay fillers and also due to the combined effect of the high aspect ratio and fine dispersion of halloysite nanoclay. 35 As expected, diluted methanol exposure has reduced the storage moduli of the nanocomposites and increased the ductility of the polymer matrix due to plasticizing effect. 48 This phenomenon can be attributed to the methanol-water molecules entering through polymer chain and microvoids. 64 As a result, swelling occurs and causes a reduction in the structural integrity of the nanocomposites.
Liquid absorption analysis is presented in Figure 6 (a) where monolithic polyester showed highest liquid absorption (1.48%) followed by 0.1 wt% halloysite nanoclay-polyester system (1.4%). In case of 0.3 wt% halloysite nanoclay, the absorption decreased to 1.36%. At 0.7 wt% halloysite nanoclay, the absorption of liquid was 0.95%. The lowest methanol absorption was observed in case of 1 wt% reinforcement with 0.9% absorption. improved from 234 to 264 HV (13% increase). The maximum microhardness was observed in case of 1.0 wt% halloysite nanoclay (44% increase). After liquid media exposure, monolithic polyester recorded the lowest microhardness (203 HV). At 0.1 wt% halloysite nanoclay, the microhardness improved 8%. In case of 0.3 wt% halloysite nanoclay, 26% improvement in microhardness was observed. The 0.7 wt% nanoclay system showed 27% improvement after liquid media exposure compared to monolithic polyester. The maximum microhardness was observed in case of 1 wt% halloysite nanoclay reinforcement (45% increase). In both conditions (air and after diluted methanol exposure), halloysite nanoclay significantly improved the microhardness of polyester. The halloysite nanoclay tends to restrict the movement of polymer chains thereby increasing the microhardness. The variation in Young's modulus is presented in Figure 6 (c). The halloysite nanoclay improved the modulus compared to monolithic polyester in dry condition. At 0.1 wt% halloysite nanoclay, the Young's modulus slightly increased from 0.59 to 0.61 GPa (3.4% increase). An improvement of 48.6% was observed in case of 0.3 wt% nanoclay. The highest improvement in Young's modulus was observed in case of 1 wt% halloysite nanoclay where 75% improvement was recorded.
After diluted methanol exposure, the Young's modulus dropped for all weight fractions of halloysite nanoclay. In case of monolithic polyester, the modulus was 0.49 GPa. In comparison with monolithic polyester exposed to liquid media, 37% increase was observed in Young's modulus in case of 0.3 wt% reinforcement. At 1 wt% halloysite nanoclay, maximum improvement of the modulus was from 0.49 to 0.83 GPa (70% increase).
The same trend of improvement was observed in the ultimate tensile strength (UTS) as shown in Figure 6(d) . The minimum increase in UTS was from 26 to 27 MPa (4% increase) in case of 0.1 wt% halloysite nanoclay. The maximum tensile strength was observed in case of 1 wt% halloysite nanoclay and UTS increased up to 38%. After methanol exposure, the maximum UTS was 27 MPa also in case of 1 wt% halloysite nanoclay reinforcement. The tensile strain was obtained as the percentage value corresponding to UTS as shown in Figure 6 (e). The results also indicate that tensile strain decreased with the addition of halloysite nanoclay. The maximum value in tensile strain was observed for monolithic polyester (11%). At 0.1 wt% reinforcement, the tensile strain observed was 10% followed by 9.8% and 8.2% in case of 0.3 and 0.7 wt% halloysite nanoclay, respectively. Minimum tensile strain was observed in case of 1 wt% reinforcement with 7%. After diluted methanol exposure, the tensile strain increased for all composites system. Monolithic polyester recorded the highest mean value of tensile strain (11.5%). At 1 wt% halloysite nanoclay reinforcement, the minimum tensile strain value was only 8.8%. Methanol exposure increased the mobility of the polymer chain resulting in an increase in tensile strain of the nanocomposites. 65 The flexural strength values of monolithic polyester and nanocomposites are shown in Figure 6 (f). The minimum increase of flexural strength was observed for 0.1 wt% reinforcement with 7.7% increase. Significant improvement was observed in case of 1 wt% halloysite nanoclay where the flexural strength increased up to 100%.
After diluted methanol exposure, the flexural strength slightly decreased. Monolithic polyester recorded the lowest flexural strength of 20 MPa while the highest flexural strength value was 41.3 MPa at 1 wt% halloysite nanoclay. The halloysite nanoclay was able to improve flexural strength from 19.4 to 41.3 MPa (113% increase) in diluted methanol. It is observed that the mechanical behaviour of polyester and its composites differs considerably compared to dry state. After diluted methanol exposure, the hardness, strength and modulus dropped significantly. The degradation of mechanical properties can be associated with the diluted methanol absorption; however, the addition of filler fairly reduced the effect of degradation.
The critical stress intensity factor (K 1C ) as a function of halloysite nanoclay loading is shown in Figure 6 in case of 1 wt% of halloysite nanoclay reinforcement. After methanol exposure, the K 1C values were found to increase due to the plasticizing effect caused by diluted methanol absorption. The plasticization on the resin matrix by diluted methanol appears to lower the yield stress and increase the size of plastic zone, thereby causing the observed increase in K 1C after diluted methanol exposure. 66 An increase in fracture toughness after liquid exposure also observed by Buehler and Seferis 67 and Alamri and Low 9 for epoxy-based polymers.
The plasticization effect was reduced with the incorporation of halloysite nanoclay. The maximum The incorporation of halloysite nanoclay significantly improved the Charpy impact toughness of all produced nanocomposites as shown in Figure 6 (h). In dry condition, monolithic polyester recorded the lowest impact toughness of 0.23 kJ/m 2 . In case of 0.1 wt% halloysite nanoclay, the impact toughness was slightly increased to 0.27 kJ/m 2 . The impact toughness values at 0.3 and 0.7 wt% nanoclay were 0.37 and 0.57 kJ/m 2 , respectively. The impact toughness further increased to 0.75 kJ/m 2 at 1 wt% halloysite nanoclay. After diluted methanol immersion, the impact toughness decreased for monolithic polyester and nanocomposites. For monolithic polyester, the lowest value of impact toughness was observed (0.19 kJ/m 2 ). An improvement of 8% was observed in case of 0.1 wt%. At 0.3 wt% nanoclay, an improvement of 40% was recorded. The highest value of impact toughness was observed at 1 wt% reinforcement where the impact toughness value was 0.54 kJ/m 2 . Diluted methanol absorption caused the reduction in impact toughness due to the weak halloysite nanoclay-matrix interface. 68 The failures of the composites can be associated to the voids and porosity. The liquid diffused along the halloysite nanoclay-matrix interface through capillarity action after the composite matrix cracked and damaged. 69 The diluted methanol molecules actively attack the interface resulting in disentanglement of the fibre and the matrix which explains the reduction of the impact toughness after diluted methanol exposure. 70 
SEM images
The fractured surfaces of specimens were viewed in SEM to study the influence of halloysite nanoclay on the possible fracture modes in the nanocomposites. The monolithic polyester in dry condition is shown in Figure 7 (a). It can be observed that the image shows a very smooth surface as a result of very quick and straight crack propagation. 65, 71 Figure 7(b) shows the fractured surface of 1.0 wt% reinforcement. The increase in surface roughness and fluted topography can be associated with the crack deflection by the halloysite nanoclay. This deflection increased the fracture path that increased the fracture toughness with the incorporation of halloysite nanoclay. The effect of methanol immersion can be seen in Figure 7 (c). The non-reinforced matrix is vulnerable to liquid diffusion. The plasticization of monolithic polyester occurs as a result of liquid media absorption and causes degradation in the mechanical properties. It can be seen that the liquid absorption was severe in monolithic polyester. Long river markings can be clearly seen for monolithic polyester as shown in Figure 7 (c). The river markings were observed shorter and round-ended which correspond to higher resistance to crack propagation due to halloysite nanoclay. 71 The swelling and plasticization effect of polymer matrix, however, were observed at all reinforcement fractions. On the other hand, short round-ended shape can also be seen indicating that the polyester chains got affected by the exposure to liquid media. The presence of halloysite nanoclay also evidently increases the surface roughness indicating crack deflection mechanism, which increases the absorbed energy of fracture. 65 Figure 8 illustrates how diluted methanol molecules flow along the matrix interfaces and act as plasticizer thereby weakening the mechanical integrity of the nanocomposites. The diluted methanol also caused swelling and fibre-matrix debonding.
Conclusions
Nanocomposites of five different weight fractions of halloysite nanoclay reinforcement were successfully produced and the degradation of mechanical properties was studied after an exposure of 24 h in diluted methanol system by clamping test specimens across steel templates. Halloysite nanoclay has the ability to increase storage modulus and glass transition temperature (T g ) by increasing the stiffness of nanocomposites and restricting polymer chains. In this research, the addition of halloysite nanoclay strengthens the polyester matrix up to a concentration of 1.0 wt%. Halloysite nanoclay also improved the mechanical properties of produced nanocomposites compared to monolithic polyester exposed to diluted methanol. The plasticization effect caused by diluted methanol contributed to the detrimental effect on mechanical properties such as T g , modulus and strength. After diluted methanol immersion, the maximum microhardness, tensile, flexural and impact toughness values were observed at 1 wt% of halloysite nanoclay. The microhardness increased from 203 to 294 HV (45% increase). The Young's modulus increased from 0.49 to 0.83 GPa (70% increase) and the tensile strength increased from 23 to 27 MPa (17.4% increase). Likewise, the flexural strength also recorded an increase of 113% in diluted methanol system. The impact toughness increased from 0.19 to 0.54 kJ/m 2 in diluted methanol system (184% increase). Surprisingly, the fracture toughness of all types of nanocomposites was found to increase after exposing to diluted methanol due to plasticization effect. The maximum K 1C after methanol exposure was observed in case of monolithic polyester with an average of 0. . This can be attributed to the liquid barrier property from the halloysite nanoclay reinforcement, where plasticization effect reduced with increasing nano-filler content. SEM images of the fractured surfaces of tensile specimens revealed that the methanol increased the ductility of the polyester matrix and reduced the mechanical properties of the nanocomposites. However, the halloysite nanoclay has the ability to improve the mechanical properties of polyester even when exposed to diluted methanol.
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